Significant evidence for linkage between bipolar affective disorder and markers on chromosome 4p16 has been reported in Scottish families.
The most impressive evidence for a strong autosomal disease gene involved in bipolar affective disorder yet, was reported by Blackwood et al. 1 In a single, very large family assuming a dominant mode of inheritance and reasonable genetic parameters including only bipolar patients as affected, a two-point lod score of 4.09 at zero recombination fraction was obtained for the marker D4S394 on chromosome 4p16. Two-point affecteds-only analysis with D4S394 yielded a lod score of 3.9 at zero recombination fraction. Lod scores above 3 were also found when persons with recurrent major depression were included as affected. Adding 11 smaller families still yielded lod scores above 3 for the broad phenotype assuming homogeneity and under heterogeneity for both phenotypic models. This study needs confirmation from other studies and detection of a relevant DNA sequence variation.
We have carried out linkage analyses using 16 DNA markers covering more than 50 cM from chromosome 4pter-4p12, including D4S394 and candidate genes encoding the dopamine D5 receptor and an adrenergic receptor 2C (ADRA2C), in two Danish families. Selected results from the two-point lod scores are shown in Table 1 . Assuming a dominant mode of inheritance no lod scores above 1 were found, assuming homogeneity or in the families separately. The highest lod scores were found at ADRA2C, 0.81 and 0.87 assuming homogeneity and in the larger family respectively at a recombination fraction of 0.1 when patients with bipolar affective disorder and recurrent depression were included as affected (dominant model 2).
However, interesting results were obtained for the recessive model. Assuming homogeneity in the two families, the highest lod score found in the two-point linkage analyses was 2.00 at 0.03 recombination fraction for D4S394 (Table 1 , Figure 1) , ie the marker which also was most significant in the original study by Blackwood et al. 1 As shown, positive lod scores were also found for many of the markers located up to 30 cM more proximal on chromosome 4p. In Family 4 lod scores above 1 were found for marker D4S394 and neighbouring marker D4S2983, while in the smaller Family 2 lod scores above 1 were found for marker D4S394 and nearby markers D4S1582 and D4S1551. Similar results, though less positive, were obtained in the affecteds-only analyses (Table 1) . After changing the disease allele frequency to 0.2 in the recessive model, the peak lod score was 2.01 at 0.03 recombination fraction at D4S394, ie virtually unchanged. Decreasing the disease allele frequency to 0.01, the lod score at D4S394 dropped only slightly to 1.86 at zero recombination fraction and peaked at 2.34 at D4S1551 at zero recombination fraction. The lod scores were thus relatively robust to realistic changes in the disease allele frequency.
The most likely haplotypes were constructed by hand using a minimum recombination strategy. Inspection of these haplotypes showed that assuming a recessive mode of inheritance the three affected siblings in Family 2 included in the recessive model have inherited the same segment of chromosome 4p from their healthy parent including all markers tested, ie distal to D4S2971. In Family 4 recombinants appeared between D4S432 and D4S431 and between D4S3009 and D4S1582, but the segment in between was shared by affected siblings therefore yielding positive lod scores when assuming a recessive mode of inheritance. As indicated by the presence of different alleles in the affected individuals at D4S394 in Figure 1 , the haplotypes were different in the two families and in the different subbranches of the larger family indicating allelic heterogeneity at the disease locus. The parent marrying in transmits preferentially one marker allele to the affected children and the other allele to nonaffected children. This pattern indicates a recessive mode of inheritance and explains the relatively high lod scores in that model. For a relatively common recessive disease allele, affected individuals may be present in every generation ie similar to a dominant pattern.
In the Danish families different alleles at D4S394 were cosegregating with the disease than in the Scottish families (allele 4). However, even for rare monogenic diseases without locus heterogeneity the detection of a common haplotype around the disease locus may be the exception rather than the rule 5, 6 as the mutation may have arisen on several more recent occasions or be very old and in linkage disequilibrium only for a very short distance.
In order to estimate the risk of obtaining positive lod scores with an unlinked marker, simulations were carried out using SIMULATE. 7 Ten thousand replicates of the families were simulated for an unlinked marker with allele frequencies as observed for D4S394 and the corresponding maximum lod scores obtained at zero recombination fraction were 2.64 in Family 4 and 1.46 in Family 2 respectively. Assuming homogeneity the maximum lod score at zero recombination fraction was 2.80, ie less than the sum of the maximum lod scores in the individual families as two rare chance events very rarely coincide. Assuming homogeneity at any recombination fraction, only 1.7% of lod scores were above 1.0 and 0.06% were at or above 2.0. Thus the lod scores observed in our families would rarely occur by chance. In order to investigate if there was evidence of increased allele sharing which was not reflected by the lod scores, a non-parametric test was applied. The Sim-IBD method program version 1.2 was used. [8] [9] [10] [11] SimIBD measures identical by descent (IBD) sharing of the marker alleles among all affected relative pairs, can be applied to large pedigrees, is relatively robust to marker allele frequency misspecification and seems to be powerful compared to similar programs. 8, 12 Results from the analyses with SimIBD for phenotypic models as mentioned above yielded no P-values below 0.01. Assuming homogeneity P-values at D4S394 were around 0.5 and 0.3 for models 1 and 2 respectively. However, a suggestion of increased allele sharing with P-values below 0.05 was found for markers D4S1582, D4S1567, D4S419 and DRD5 for model 1 and D4S419, ADRA2C and DRD5 for model 2.
Our finding supports the evidence for a susceptibility gene for bipolar affective disorder on chromosome 4p16. Lander and Kruglyak 4 have suggested that a nominal P-value of 0.01 should be required for confirmation of significant linkage reported by earlier studies. The lod score reported by Blackwood et al 1 must be considered as significant linkage using the threshold lod score of around 3.3 as recommended by Lander and Kruglyak 4 and our empirical P-value based on SIMU-LATE was 0.0006. Similar phenotypic models were applied in the study by Blackwood et al 1 and the present study. In both studies the most interesting marker was D4S394, which was highly informative in the Danish pedigrees.
Though promising, caution is needed for the following reasons. Final proof that the relevant region is involved will have to be the finding of a DNA sequence variation of functional importance for bipolar affective disorder. Relevant candidate genes in the area are the gene encoding the dopamine D5 receptor and the Wolfram syndrome gene which is most likely located between D4S431 and D4S432. 13 While Blackwood et al 1 assumed a dominant mode of inheritance, only the recessive model yielded interesting lod scores in our study. Though recessive lod score analyses were not reported by Blackwood et al, 1 the segregation of the marker haplotypes in their largest family does not appear to be in accordance with a recessive mode of inheritance. This may seem contradictory. However, the true mode of inheritance at the chromosome 4p locus could be neither dominant nor recessive but intermediate. Furthermore, different mutations in the same disease gene may result in a different mode of inheritance of a disease.
14 For example, for a minor DNA sequence variation, changes at both alleles at a single locus may be needed in order to affect the phenotype ie a recessive mode of inheritance. Relatively common and less severe changes in DNA sequence at susceptibility loci which by themselves are incapable of triggering disease but which slightly increase the relative risk are expected to constitute the genetic component for many complex genetic diseases including bipolar disorder.
We have earlier reported two-point lod scores of 2.56 with markers from chromosome 16p13, 15 0.99 at chromosome 21p22.3 16 and 1.83 on the proximal part of chromosome 18q 17 in the two Danish families. Simulation studies have indicated that the lod scores at chromosome 4p, 16p13 and proximal 18q would each occur respectively Ͻ1, 1 and 2 out of 1000 times by chance. Though positive lod scores from different regions may seem confusing and one or more of these loci may be false positive findings, Lander and Kruglyak 4 have suggested that one should feel encouraged if substantially more suggestive linkages are found than expected by chance. It may be difficult to assess what should be considered as substantially more than expected. In our opinion we seem to have more interesting lod scores than one would expect by chance. Possible evidence for susceptibility loci on chromosome 16p13, 21q22.3 and proximal 18q has been reported by other research groups and the disease loci suggested in the Danish families may very well be part of an oligogenic system with the genes acting in an additive fashion. Presently chromosomes 4p, 11, 18, 20, 21, 22 and several candidate regions on other chromosomes have been examined with a relatively dense collection of highly informative markers in the two Danish families.
Evidence against or lack of significant evidence for a common major locus for bipolar affective disorder on chromosome 4p16 has been reported by investigators reporting linkage analyses to DRD5 [18] [19] [20] or as part of genome scans. [21] [22] [23] [24] [25] Low positive lod scores less than 1 have been reported by Sherrington et al 18 and Byerley et al 19 at DRD5, while McInnes et al 23 reported a lod score of 0.76 at 0.11 recombination fraction for D4S394 in one of their two Costa Rican families and of 1.06 at 0.07 recombination fraction at nearby marker D4S171 in the other Costa Rican family. As part of the NIMH genome scan, Detera-Wadleigh et al 26 did not find evidence of increased allele sharing at or near D4S394. However, weaker evidence was found more proximal on chromosome 4p with P-values below 0.03 for two models at D4S2397. D4S2397 is located within a few centiMorgans from D4S1581, ie around 30 cM proximal to D4S394. Due to chance variation of the informativity in relevant meioses in pedigrees, it is well known empirically as well as from simulation studies that the peak lod score may occur at a distance from the true position; also one locus may produce more than one peak lod score. 27 However, it seems doubtful that the P-value reported by Detera-Wadleigh et al 26 reflects a susceptibility locus in their sample. Finally, Polymeropoulos and Schaffer 28 have briefly reported lod scores of up to 1.68 for markers near D4S394 assuming a dominant mode of inheritance in a single CEPH family. As only some of the above-mentioned studies reported analyses assuming a recessive mode of inheritance, 19, 21, 22, 25 linkage using the lod score method may have been missed in studies which did not include a recessive analysis.
In conclusion, based on the findings in our Danish families and preliminary results from a few other research groups, we believe that the evidence in favour of a susceptibility gene on chromosome 4p has increased.
Methods

Case ascertainment and diagnosis
Families were identified through bipolar probands in contact with the Psychiatric Hospital in Aarhus, Denmark. Two large families with multiple affected members in several generations were included in the study (Figure 1) . Apart from the inbreeding loop in Family 2, individuals who married into the families were excluded together with their descendants if they themselves or their first-degree relatives had bipolar affective disorder or any other major psychiatric disorder. Persons with primary alcohol or substance abuse, and their descendants were also excluded from the study. Sex and birth order have been concealed to ensure confidentiality. No one in the blood line was diagnosed as having schizophrenia, schizo affective disorder, or any type of psychosis other than affective disorder.
To obtain diagnoses, family members were interviewed by HE and OM using the semi-structured interview 'Present State Examination', 10th edition. Further diagnostic information was obtained from relatives, hospital records, and general practitioners. A senior psychiatrist experienced in ICD-10, Dr A Bertelsen, without acess to the family data or laboratory results, made the final diagnoses in accordance with ICD-10, Diagnostic Criteria for Research. Further details of the study concerning diagnostic procedure, attempts to minimise mis-classification, interrater reliability, admissions, treatment and diagnoses according to RDC have been reported earlier.
2,3
Genetic analyses DNA was prepared from whole blood, using a standard triton lysis, nuclear lysis protocol with sodium chloride/isopropanol precipitation. DNA amplification was employed using a Perkin-Elmer thermocycler with optimised reaction conditions for each primer set and analysed on the ABI Prism 310 Genetic Analyzer. D4S394 was genotyped and the alleles were numbered by Blackwood and coworkers in Edinburgh.
Linkage analysis
Lod scores were calculated using the computer program LINKAGE version 5.1. Two-point analyses were performed using MLINK for all markers.
The lod score analyses were performed applying two dominant and one recessive model(s) using definitions of affected status based on a diagnostic hierarchy (Table 1) . Conservative values of 0.60, 0.65 and 0.60 for maximum penetrance were chosen for dominant models 1 and 2 and the recessive model respectively. The penetrances for persons homozygous for the normal allele were set relatively high and age-dependent, adding up to 0.005, 0.02 and 0.02 for dominant models 1 and 2 and the recessive model respectively. The exact age-dependent penetrances for the different models have been reported earlier. 2 We also performed an affecteds-only analysis for all models, using the same penetrance ratios for the affected individuals as in the models mentioned above. The frequency of the disease allele was set to 0.004 for model 1, to 0.01 for model 2 and to 0.1 in the recessive model. Individuals with affective disorders other than those included by the model in question were scored as phenotype unknown when analysing that model. Allele frequencies for the markers were calculated from individuals who married into the families, including a few individuals from Family 4 who are presently not included in the linkage analysis. Reasonable power especially for the dominant models in Family 4 has been reported previously. 16 
